Abstract. The efficiency of a porcine embryo vitrification method that uses water-soluble films of pullulan, a naturallyoccurring polysaccharide polymer, was compared with two other types of vitrification methods using different devices and solutions for vitrification and warming. Blastocysts collected in vivo and vitrified by the conventional straw (ST), Cryotop ® (MVC) or pullulan film vitrification (PFV) methods were stored in liquid nitrogen for a certain period of time, after which the cryoprotective agents were removed by stepwise dilution. Fresh embryos were used as controls for the non-vitrification group. The vitrified-warmed embryos were incubated in TCM199 with 0.1 mM β-mercaptoethanol and 20% fetal bovine serum for 24 h at 38.5 C in humidified air with 5% CO2 to evaluate their viability. The survival rate of embryos in the ST group (48.3%) was significantly lower than that of those in the MVC (70.7%), PFV (79.0%) and nonvitrification (94.4%) groups. The oxygen consumption rate after vitrification was significantly lower than that before vitrification in the ST group, but was not significantly different in the MVC and PFV groups. Both the oxygen consumption rates of embryos after warming and the live cell numbers in the ST group were lower than those in the MVC group, while they did not differ significantly between the PFV and MVC groups. There was a correlation between the oxygen consumption rate and the number of live cells in vitrified embryos after warming. Our results demonstrated that in vivo-derived porcine embryos could be vitrified using pullulan films. Key words: Oxygen consumption rate, Porcine embryo, Pullulan film, Vitrification (J. Reprod. Dev. 56: [279][280][281][282][283][284] 2010) reservation of porcine embryos is important for increasing the effective use of high-quality genetic resources, preventing disease transmission via animals and allowing low-cost transportation of pigs. Due to the extremely high sensitivity of porcine embryos to low temperature, it has been difficult with slow freezing methods to achieve conception rates and litter sizes equivalent to those achieved with artificial insemination [1, 2] . However, it has recently become possible to produce piglets from cryopreserved embryos by using ultra-rapid vitrification methods, such as the minimum volume cooling (MVC) [3, 4] , open pulled straw [5], microdroplet [6] and metal mesh vitrification [7] methods.
(J. Reprod. Dev. 56: [279] [280] [281] [282] [283] [284] 2010) reservation of porcine embryos is important for increasing the effective use of high-quality genetic resources, preventing disease transmission via animals and allowing low-cost transportation of pigs. Due to the extremely high sensitivity of porcine embryos to low temperature, it has been difficult with slow freezing methods to achieve conception rates and litter sizes equivalent to those achieved with artificial insemination [1, 2] . However, it has recently become possible to produce piglets from cryopreserved embryos by using ultra-rapid vitrification methods, such as the minimum volume cooling (MVC) [3, 4] , open pulled straw [5] , microdroplet [6] and metal mesh vitrification [7] methods.
Pullulan, which is a neutral polysaccharide polymer also known as α-1,4-; α-1,6-glucan, is made from starch and consists of maltotriose units linked in an orderly manner. It has been reported that murine morulae placed on a pullulan film could be vitrified [8] . In general, stepwise dilution is required after warming of vitrified embryos, since vitrification requires a high concentration of cryoprotective agents (CPAs), which makes it difficult, due to their toxicity, to warm the embryos in a straw for direct transfer to recipients. As the pullulan film is soluble in warm water, the vitrification solution can be diluted in a straw, and then the embryos can be directly transferred into a recipient using a strawattached intrauterine injector.
Several studies on non-surgical embryo transfer in pigs have been reported [9] [10] [11] [12] [13] , and we have also been working on the development of a non-surgical transfer technique that uses a strawattached intrauterine injector [14] . Direct transfer via a straw containing vitrified embryos with high viability may be applied to piglet production by non-surgical embryo transfer in an ordinary commercial farm.
Measuring the oxygen consumption rate using a scanning electrochemical microscope may be effective as a non-invasive evaluation of embryo quality [15] . We have previously reported that bovine embryos having a high oxygen consumption rate showed a high conception rate after embryo transfer [16] . In an attempt at embryo cryopreservation using the slow-freezing method, the oxygen consumption rate in embryos significantly decreased after freezing and thawing, indicating that the embryos were damaged by the cryopreservation procedure [16] . However, there are no reports available concerning the oxygen consumption rate before and after cryopreservation with in vivo-derived porcine embryos.
In the present study, to investigate the potential for application of the pullulan film vitrification (PFV) method in a non-surgical transfer technique for porcine embryos, we compared the survival rate of porcine embryos preserved by the PFV method with those attained by conventional vitrification methods. We also measured the oxygen consumption rate of embryos before and after vitrification to examine how the rate was influenced by these vitrification methods.
Materials and Methods

Embryo collection from gilts
All animal-related procedures followed in this study were done with the approval of the Institutional Animal Experiment Committee of Kanagawa Prefectural Agriculture Facilities. A total of 39 prepubertal gilts (Landrace and Large White, 5.5-7.3 months old) were used for collection of embryos, as previously described with some modifications [13] . Briefly, superovulation was induced by intramuscular injection of 1500 IU eCG (Peamex, Sankyo, Tokyo, Japan), followed 72 h later by 500 IU hCG (Puberogen, Sankyo). The gilts were artificially inseminated twice, in the afternoon one day after hCG injection and in the morning two days after hCG injection.
In the morning on Day 6 (Day 0=the day of the first artificial insemination), the embryos were recovered from the uterine horns by laparotomy under general anesthesia (4-5% [v/v] halothane) by flushing with PB1 [17] with 0.5% (w/v) bovine serum albumin (BSA; Fraction V, Sigma Chemical, St. Louis, MO, USA) or TALP-Hepes [18] . The recovered embryos were morphologically evaluated under an inverted microscope (× 100), and only blastocysts were used for the experiments. The blastocysts were preserved in PZM-5 [10] supplemented with 10% (v/v) fetal bovine serum (FBS; Gibco, Life Technologies, Grand Island, NY, USA) at 38.5 C in humidified air with 5% CO2 until vitrification.
Vitrification and warming of embryos
The embryos were vitrified using the three different methods and warmed 20-150 days later.
In Method 1, conventional vitrification using a mini-straw (ST) was performed using 0.25-ml crystal straws (IMV Technologies, L'Aigle, France) as described previously [19] with some modifications. Briefly, the embryos were placed in a drop (80 μl) of equilibration solution consisting of PB1 medium with 11% (v/v) ethylene glycol (EG) and 0.5% BSA (11% EG solution) for 5 min at room temperature (20-25 C). After equilibration in 11% EG solution, the embryos were transferred to a vitrification solution consisting of PB1 medium supplemented with 45% EG, 7% (w/v) polyvinylpyrrolidone (MW 10,000, Sigma) and 0.5% BSA (45% EG vitrification solution) preloaded into a straw. Within 40 sec of the initial exposure of the embryos to the 45% EG vitrification solution, the straw was loaded with the solutions, as shown in Fig.  1 , heat sealed and placed on a styrene foam board (5 mm thick) floating on liquid nitrogen (LN2), and the cotton-plug part of the straw was dipped into LN2 for a quick moment to create ice seeds in the diluent. The straw was then placed on the styrene foam board again for 3 min. After confirming that the 45% EG vitrification solution was transparent and that ice crystals had not been formed, the straw was plunged into LN2. After storage in LN2 for a certain period of time, the straw was warmed in air (25 C) for 5 sec and then in a 40 C water bath for 6 sec. Immediately after warming, the straw was shaken to mix the solutions inside (i.e., first-step dilution). Two minutes after the first-step dilution, the content of the straw was expelled into a dish, and the embryos were subsequently washed by five serial transfer steps of the warmed embryos in PB1 medium supplemented with 0.5% BSA and 6%, 3%, 1.4%, 0.7% or 0% EG for 2 min each.
In Method 2, the MVC method was conducted using a Cryotop ® and commercial vitrification and warming solutions (VT101 and VT102, Kitazato BioPharma, Shizuoka, Japan) by the method previously reported [3, 4] . The embryos were contracted by dehydration in an equilibration solution (ES of VT101, Kitazato BioPharma) and kept at room temperature (25 C) for 5 to 10 min until they regained their volume to some extent. The equilibrated Fig. 1 . A straw containing four liquid layers: (from the cotton-plug side) a dilution solution (PB1 + 1.7 M galactose + 0.5% BSA), a 45% EG vitrification solution (PB1 + 45% EG + 7% PVP + 0.5% BSA) that prevents reduction in the concentration of the vitrification solution due to mixing with the diluents of the first layers, a 45% EG vitrification solution containing embryos and a dilution solution. The straw was sealed after being filled with the last dilution layer.
Fig. 2.
A stainless steel rod for vitrification equipped with a pullulan film. A stainless steel rod was attached to a short 0.25-ml straw, and a pullulan film was attached to the tip of the straw. The 0.25-ml straw and pullulan film were covered with a case made from a 0.5-ml straw. Embryos and vitrification solution were placed on the pullulan film, and after the embryos were vitrified in liquid nitrogen, the case was slid across to cover the film.
embryos were transferred to a vitrification solution (VS of VT101, Kitazato BioPharma) along with a minimal amount of the equilibration solution. The embryos contracted in the solution were loaded onto the tip of a Cryotop ® and directly plunged into LN2. The length of time from exposure of the embryos to the vitrification solution until storage in LN2 was less than 60 sec.
After storage in LN2, the embryos were warmed by immersing the Cryotop ® tip into a warming solution (TS of VT102, Kitazato BioPharma) at 38.5 C. After one min, the embryos were transferred to a diluent (DS of VT102, Kitazato BioPharma) at 38.5 C for 3 min and then washed twice in a washing solution (WS of VT102, Kitazato BioPharma) for 5 min each time.
In Method 3, the PFV method was conducted using a pullulan film (1.5 mm wide, 15 mm long and 20 μm thick; Hayashibara Shoji, Okayama, Japan) attached to a stainless steel rod (Fig. 2) . 
Viability of embryos
Following warming, the embryos were cultured in TCM199 supplemented with 0.1 mM β-mercaptoethanol and 20% FBS for 24 h at 38.5 C in humidified air with 5% CO2. The embryos forming a blastocoel were considered viable. As the non-vitrification control, embryos just recovered were also cultured for 24 h in the same medium.
Measurement of the oxygen consumption rate
The oxygen consumption rate using an embryo respirometer (HV-403, Research Institute for the Functional Peptides, Yamagata, Japan), a device developed based on a scanning electrochemical microscope, was measured for some of the embryos 30 min before vitrification and after warming by the method of Abe et al. [15] . Briefly, an embryo was placed into the solution for the measurement (ERAM-2, Research Institute for the Functional Peptides) on the flat bottom of a cone-shaped microwell on the plate (RAP-1, Research Institute for the Functional Peptides). A microelectrode (platinum microelectrode RAE-1, Research Institute for the Functional Peptides) was moved close to the embryo, and a voltage of -0.6 V was applied to reduce the oxygen concentration in the solution surrounding the embryo and measure the current generated as a result. The oxygen concentration gradients in the solution surrounding the embryo were measured by scanning the z-axis (i.e., horizontal direction) at a speed of 31.0 μm/sec. The average of two measurements (anterior and posterior sides of the embryo) was considered to be the oxygen consumption rate of the embryo.
Classification of viable and dead cells in embryos
The method of Saha and Suzuki [20] was used to compare the cell viability of the vitrified embryos. After washing with TCM199 containing 20% FBS, the embryos subjected to oxygen consumption rate measurement were warmed to 38.5 C and cultured in a staining solution for 30 min for double staining of viable and dead cells. TCM199 supplemented with 10 μg/ml bisbenzimide (Hoechst 33342, Calbiochem, San Diego, CA, USA) and 10 μg/ml propidium iodide (PI; Sigma) was used as the staining solution. The stained embryos were washed with TCM199 containing 20% FBS, placed on a slide with a small amount of TCM199 with 20% FBS and covered with a cover glass. The embryos were observed through a U-MWU filter (excitation wavelength of 365 nm, barrier filter of 400 nm) under an inverted microscope equipped with a fluorescent light source, and embryos with blue nuclei were counted as viable; those with pink nuclei were counted as dead.
Statistical analysis
The experiment was repeated three or four times for each group. A chi-square test and Fisher's exact probability test was used to compare the viability of embryos. The numbers of cells were subjected to logarithmic transformation before statistical analysis. An analysis of variance (ANOVA) was performed using the General Linear Model (GLM) procedure of SPSS (SPSS 11.5J, User's Guide, SPSS, Tokyo, Japan) followed by the Scheffe test. Linear relationships and correlation coefficients between oxygen consumption rate and the number of live cells in vitrified-warmed embryos were determined by simple regression analysis and Pearson correlation coefficient analysis, respectively. A P value of less than 0.05 was considered statistically significant.
Results
Effect of vitrification procedures on morphological changes in vitrified embryos after warming
The viabilities of embryos after vitrification and warming by the different methods are shown in Table 1 . The percentage of embryos that survived in the ST group was significantly lower (P<0.05) than those in the other two vitrification groups and in the non-vitrification group. There was no significant difference in the rates between the MVC and PFV groups. Moreover, the survival rate in the non-vitrification group was significantly higher (P<0.05) than those in the other groups. 
Effect of vitrification procedures on the oxygen consumption rates of embryos
The oxygen consumption rate of the vitrified embryos after warming was significantly higher in the MVC group (P<0.05) than in the ST group, but in the PFV group, it did not differ significantly from the rates in the other groups ( Table 2 ). The oxygen consumption rate after warming was significantly lower (P<0.05) than that at pre-vitrification in the ST group, while there was no significant difference between these rates in the MVC and PFV groups.
Effect of vitrification procedures on cell viability in embryos
Cell viability after vitrification by the different methods is shown in Table 3 . The ratio of live to total cell number was significantly lower (P<0.05) in the ST groups than in the MVC and nonvitrification groups. There was a positive correlation between the oxygen consumption rate and the number of live cells (P<0.01, r = 0.496) in all vitrified-warmed embryos (Fig. 3) .
Discussion
The present study demonstrated that porcine blastocysts can be vitrified using a pullulan film and that viability, oxygen consumption rate and cell viability were not different from those of embryos vitrified by the MVC method using a Cryotop ® . Since vitrification uses CPAs at high concentrations to prevent intracellular ice crystal formation, their toxicity causes damage to embryos when the vitrification procedure takes a long time. To avoid this problem, several vitrification methods, such as the openpulled straw [5] , microdroplet [6] and metal mesh vitrification [7] methods, have been reported to achieve high viability by making porcine embryos very rapidly pass a critical temperature range at which embryos are injured. The viability of embryos is increased by these methods, as they have the advantages of minimizing the required amounts of CPAs by using special devises and lowering the concentration of CPAs by application of rapid cooling. The present study compared the viability of embryos in the PFV method using pullulan film with that in the MVC method, one of the ultrarapid vitrification methods, and demonstrated that the viability was 70% or more in the PFV method, which is similar to that in the MVC method. On the other hand, the survival rate of embryos in the ST group was significantly lower than that in the other groups. The volume of vitrification solution was smaller in the MVC and PFV groups (0.1 μl) than in the ST group (20 μl). Moreover, whereas embryos were placed into LN2 after exposing them to LN2 vapor in the ST group, they were directly plunged into LN2 in the MVC and PFV groups. Thus, the difference in survival may be due to a more rapid temperature decrease in the MVC and PFV groups than in the ST group. The vitrification procedure for embryo storage does not require a programmable freezer. However, it requires special devises and strict control of temperature and time before plunging the embryos into LN2 because high concentrations of CPAs are used. Therefore, the number of embryos that can be vitrified in one operation has been limited. Ushijima et al. [4] reported that the MVC method allows simultaneous vitrification of 8 to 12 embryos. In pigs, it is desirable to cryopreserve larger numbers of embryos together because 15 to 20 embryos should be transferred into a recipient at one time. In the present study, 5 to 8 embryos could be simultaneously vitrified by using a sheet of pullulan film, and the vitrified embryos on 3 or 4 sheets of the film could be loaded together into a straw. We suggest that the PFV method to cryopreserve porcine embryos is a valuable tool for non-surgical embryo transfer in pigs, since the vitrified embryos can be directly transferred into a recipient. We have obtained normal calves after transfer of bovine blastocysts vitrified using pullulan films and warmed by one-step dilution in straws (our unpublished data). The PFV method appeared to have no adverse effect on porcine embryos in this study. If porcine embryos vitrified using pullulan films can be conveniently diluted and warmed in a straw while maintaining their viability, they may be applied to piglet production by non-surgical embryo transfer under on-farm conditions. Further technical improvements are required to enable one-step dilution in a straw.
In the present study, PFV was applied as an open method in which the solution containing embryos directly contacts LN2. Storage of embryos in open containers in LN2 may represent an increased potential for microbial contamination during long-term banking and the risk of disease transmission by embryo transfer [21] . To avoid contamination of pathogens, embryos collected from the same donor should be separately vitrified by the PFV method in its own sterile LN2 and stored in its own closed containers. An in-straw dilution method after PFV may also enable decrease of the risk of contamination because storage and dilution of vitrified embryos is performed in a sealed straw.
The oxygen consumption rate of embryos vitrified by the three different methods was measured in order to assess the quality of embryos and their potential use in a non-invasive transfer method [16, 22, 23] . To our knowledge, the present study is the first to measure the oxygen consumption rate before and after vitrification of porcine embryos. The oxygen consumption rate after warming was significantly lower than the pre-vitrification levels in the ST group, while there was no significant difference between these rates in the MVC and PFV groups, thus reflecting their respective viabilities. These results were consistent with the viabilities of the embryos after vitrification and warming in these groups, supporting the validity of using the oxygen consumption rate as an index of embryo quality after vitrification and warming. Dobrinsky et al. [24] have reported that success of vitrification depends on the influence of CPAs on morphological and molecular properties of cellular organelles and membranes. In the present study, cell damage of embryos was assessed by a double staining method with Hoechst 33342 and PI, which can distinguish between blue-stained live cells and pink-stained dead cells by the difference in permeability for PI, depending on damage of the cell membrane. The number of live cells in the ST group decreased significantly compared with the MVC group (P<0.05), and the ratio of live to total cells was reduced by 5 to 7% in the ST group compared with the other groups. This result may reflect that the survival rate of embryos after warming was markedly lower in the ST group (48.3%) than in the MVC (70.7%), PFV (79.0%) and non-vitrified groups (94.4%). Moreover, both the oxygen consumption rates of embryos just after warming and live cell numbers in the MVC group were higher than those in the ST group. In addition, there was a correlation between the oxygen consumption rate and the number of live cells in vitrified embryos after warming. Trimarchi et al. [22] have demonstrated that maturation of mitochondria correlates with an increase in metabolic activity, as reflected in the oxygen consumption rate, and that the oxygen consumption rate reflects the number of cells measured and their mitochondrial activity. Thus, we assumed that the number of live cells could be estimated by the oxygen consumption rate.
In the present study, no difference was found in viability and oxygen consumption rate after warming between the porcine embryos vitrified by the method using pullulan film and those obtained by the previously reported MVC method, indicating that porcine embryos can be vitrified using pullulan film. Non-surgical direct transfer of ultra-rapidly vitrified porcine embryos without using a microscope would be a useful transfer method applicable by individual farmers in the field. Therefore, further studies are desirable on the method for in-straw dilution of embryos.
